Abstract-A fabrication process for complex ceramic microstructures was proposed that combines a lost mold technique and ceramic injection molding. Two key points in this process were studied. First, the solubility of several engineering plastics in various organic solvents was tested to find appropriate combinations of mold material and solvent for dissolving molds. Secondly, the binder extraction rate and the strength of a green body during debinding were investigated. Experimental results indicate that acrylonitrile-butadiene styrene and acetone are the best combinations selected for this lost mold technique. We also propose that using gasoline as the debinding solvent and performing the debinding at room temperature will give a good time-saving effect and avoid toppling the microstructure if paraffin wax, stearic acid, and polyethylene were selected to compound the binder system. This process has been successfully applied to fabricate several ceramic microstructures, such as integrated punch. [575] 
I. INTRODUCTION
T HE development of ceramic microsystems is greatly influenced by whether an appropriate structuring technique is available. Several structuring techniques have been recently applied to ceramic microstructures with simple configurations [1] , [2] . For more desired ceramic microstructures with complex shapes or a high aspect ratio, injection molding is widely utilized [3] - [5] . However, a normal ceramic injection-molding process [6] , [7] has difficulty keeping the green body of the microstructure free from fracturing when demolded. To avoid this problem, introducing the concept of "lost mold" into the ceramic injection molding process is a worthwhile task.
Various lost mold techniques have been applied to ceramic microstructuring [8] - [13] . The conventional approach uses a plastic sacrificial mold and burns it out following molding [8] - [10] . However, during firing, the molten plastic material of the mold flows due to gravitation and gaseous bubbles form in the melt owing to plastic depolymerization and oxidation. Consequently, drag force acted by the viscous fluid increases the load on the softened green body, and surface tension of gas bubbles affects the microstructure locally; furthermore, viscous molten plastic constrains the gasified organic binder from escaping. Therefore, when the mold is burning out, the microstructure might suffer from deformation, toppling, or cracking, which restricts the manufacture of high-aspect-ratio ceramic microstructures. Some researchers have attempted to replace mold-burning with plasma etching to avoid the trouble caused by heating [11] . However, this approach increases process requirements such as masking and cannot ensure that the green microstructure is free from lateral erosion. Another lost mold technique was recently developed for fabricating PZT microstructure [12] . That process utilized a silicon mold and performed PZT sintering without removing the mold. The silicon sacrificial mold was then removed by dry etching following the PZT sintering. Such a case of a silicon mold is only appropriate for ceramic materials with a relatively low sintering temperature. Herein, a lost mold technique is developed and integrated into ceramic injection molding for the structuring of high-aspect-ratio microstructures of most ceramics. This process uses a plastic mold as the sacrificial mold and to completely remove this sacrificial mold via solvent dissolving, without damaging the microstructure is the key point. Appropriate combinations of plastic mold material and organic solvent are suggested. Meanwhile, the essentials of a binder system for this process are also discussed. Subsequently, debinding conditions concerning the process efficiency and strength of the microstructure during debinding are developed. Finally, some application examples are introduced.
II. THE LOST MOLD TECHNIQUE COMBINED CERAMIC INJECTION MOLDING PROCESS
Fabrication of microstructure components from ceramic materials by the injection-molding process, including a lost mold procedure of solvent dissolution, comprises several steps. 1) Manufacturing a complementary plastic structure by means of micromachining or micromolding. This plastic mold then is placed in a steel mold base. 2) Preparing the mixture of organic binder and ceramic powder. The binder and powder are carefully mixed to an appropriate volume fraction. 3) Heating the mixture and then injecting it into the mold cavity. 4) Removing the ceramic green part and plastic mold that adhere to each other from the mold base and immersing them in an appropriate solvent to dissolve the plastic sacrificial mold and obtain the free green microstructure. 5) Removing the organic binder from the microstructure.
Solvent extraction [14] , [15] or thermal debinding [16] , [17] can be used. 6) Sintering the parts to eliminate most of the resulting porosity from the debinding cycle, achieving a high theoretical density percentage [18] . Fig. 1 is a flowchart of this process.
III. LOST MOLD TECHNOLOGY BY DISSOLUTION
To ensure the quality of the solvent dissolving process of the plastic mold, the selected combination of the kind of plastic material and organic solvent is very important. The plastic material used must have a good mechanical processability or moldability for convenient manufacturing of the mold of the microstructure.
Meanwhile, properties of sufficient strength, wear resistance, and high thermal deformation temperature are also essential to prevent the mold from deformation or excessive wear due to heat and stresses brought by the flow of the molding mixture during mold filling and packing. However, extreme solubility of the plastic mold is the key requirement. Restated, a suitable solvent must be found to completely dissolve the selecting plastic. Moreover, this solvent must not be harmful to the green microstructure. Table I lists the properties of several engineering plastics that can be utilized as the mold material. Solubility properties in organic solvents of these materials are determined by intermolecular forces that exist between each material and the solvent being matched with it. In general, polar materials dissolve in polar solvents and nonpolar materials dissolve in nonpolar solvents. This study uses acetone, toluene, chloroform, and gasoline to test the solubility of the plastic materials listed in Table I . Fig. 2 presents some of the testing results that have the best solution effects. Solid acrylonitrile-butadiene styrene (ABS) become cloud-like matter suspended in the liquid acetone after a period of immersion, and this matter can easily be dispersed into the acetone as a semitransparent solution by slight shaking, as shown in Fig. 2(a) . This behavior means that extreme solubility can be achieved while ABS is matched with acetone. Competitively excellent results can also be expected from the example of polycarbonate (PC) with chloroform, as shown in Fig. 2(b) . Obviously, these two combinations of plastic material and organic solvent meet the basic requirements of the lost mold process being developed here. As for the case of polymethylmethacrylate (PMMA) being immersed in chloroform, as shown in Fig. 2(c) , solid PMMA softens and becomes thick and viscous in the liquid but does not dissolve well. This behavior leads to the combination of PMMA and chloroform, not satisfying the requirements of the lost mold method because it is difficult to remove softened viscous mold material from the periphery of the microstructure. Meanwhile, the other combinations not shown in Fig. 2 are not suitable for use with the lost mold method due to their low solubility. In these combinations, the solubility is so low that it can barely be measured or even observed.
Explaining why solubility differs between each combination of plastic material and organic solvent is difficult. In fact, solubility of organic compounds is very sensitive to the effect of intermolecular forces. Three major attractive forces that The experiment was performed at 20 C and photographed when specimens had been immersed for 1, 3, and 6 h from up to down, respectively. All specimens initially had the same dimensions, 10 mm along both edges and 2 mm thick. cause molecules to associate into solids and liquids exist: the dipole-dipole forces of polar molecules, the van der Waals forces that affect all molecules, and the "hydrogen bonds" that link molecules having OH or NH groups [19] . Fig. 3 illustrates the molecule structures of acetone, ABS, chloroform, and PC. Since the molecular dipole moment is a good indicator of the overall polarity of a molecule, herein it is measured experimentally [19] to have a high value of 2.9 D (debye) and 1.0 D for acetone and chloroform, respectively. Meanwhile, the existence of the strongly polar C N: triple bond, as shown in Fig. 3(a) , indicates that strong polarity should appear on acrylonitrile in ABS copolymer. Consequently, ABS dissolve easily in acetone. As for the combination of PC and chloroform, the molecular dipole moment of chloroform is weaker than that of acetone. Nevertheless, since PC has many ester groups, OC O, that form hydrogen bonds with the chloroform molecules, the solubility of PC in chloroform is significantly increased. Herein, ABS and acetone are selected for the use of lost mold purpose for further work in considering environmental protection and health care.
IV. THE BINDER SYSTEM
The binder system combined with the ceramic powder is important in ceramic injection-molding process. Generally, the binder system is composed of various organic additives. Considerations for selecting the binder system include the fluidity and formability of molding material during filling, the deformation resistance of the microstructure during handling and debinding, and finally the debinding property. The erosion resistance of the green microstructure during sacrificial mold's being dissolved and the strength of the high-aspect-ratio microstructure during debinding deserve particular attention in the process developed herein.
Numerous compositions of binder system can be selected for a certain type of ceramic powder, provided they focus on the fluidity and formability of the mixture. However, more limitations emerge when considering the erosion resistance of green microstructure during mold dissolution and the debinding requirements that satisfy a high-aspect-ratio microstructure.
The strength consideration of a high-aspect-ratio microstructure during the debinding stage governs the selection of debinding method. In thermal debinding, since all the compositions of a binder system are softened owing to heating, the yield strength and deformation resistance of the ceramic mixture will reduce, allowing the mixture to creep easily. Moreover, some of the liquid binder seeping out through the surface will cause the siphon phenomenon at the gap between any two extremely close outstanding parts of the structure. Therefore, one type of toppling defect may occur due to surface tension of the seeped liquid binder. Furthermore, thermal debinding will cause negative influences owing to thermal stresses. For these reasons, thermal debinding is unfavorable to high-aspect-ratio microstructures. On the other hand, the solvent extraction debinding process has little or no thermal stress problem. This process can be designed to selectively remove the various ingredients of the binder system so as to control the debinding ratio and obtain sufficiently strong debinded parts. Consequently, the solvent extraction debinding method is utilized for the ceramic injection-molding process developed herein. According to the requirements described above, some criteria for choosing the binder system can be induced.
1) The binder system must not dissolve in the solvents selected for mold removing. 2) The major ingredients of the binder system should dissolve easily in debinding solvents. 3) An appropriate proportion of minor ingredients, which does not dissolve in the debinding solvents, is added so as to keep the microstructure sufficiently strong after debinding. 4) The binder system should have a low melting temperature and low viscosity for the convenience of low-pressure molding at a comparatively low temperature. 5) A little lubricant must be added to improve the fluidity of the mixture. Table II shows the compositions of ceramic mixtures used herein. Paraffin wax is the major ingredient of the binder system, and polyethylene (PE) is the minor ingredient. Meanwhile, stearic acid acts as the lubricant. Both paraffin and PE are polymers of relatively low molecular weight. Neither dissolves in acetone, which is used as the solvent for mold removal herein. Regarding the expected marked difference of the debinding property of paraffin and PE, it still depends on the selection of debinding solvent.
V. ESSENTIALS OF DEBINDING MICROSTRUCTURES WITH HIGH ASPECT RATIO
Once mold filling is completed and the sacrificial mold has been removed, debinding should be performed. Hexane, gasoline, decalin, and tetralin, respectively, are used as the solvents for comparing the debinding property. These four solvents all are confirmed to have a good extraction ability for paraffin but do not easily dissolve the PE. Thus they all meet the second and third criteria described in the previous section. Table III lists some of their properties. Meanwhile, Fig. 4 shows the debinding effects of these solvents on the experiment material code C (see Table II ). The figure illustrates that the order of extraction rate to the binder distributed in the material at room temperature is gasoline hexane decalin tetralin. Notably, however, the flashing points of decalin and tetralin are significantly higher than those of gasoline and hexane, as shown in Table III . This difference means that debinding may be performed at an elevated temperature to improve the extraction rate of the binder when decalin or tetralin is used as the solvent. Fig. 5 shows that at the elevated temperature of 50 C, the extraction rate of the binder by decalin and tetralin, respectively, are greatly increased and surpass the performance of gasoline at 20 C. The effect of temperature on binder extracting ability in this material case is clearest when tetralin is utilized.
However, for ceramic microstructures with a high aspect ratio, two more important facts during debinding process should be considered. One is the strength of material to avoid the occurrence of fracture. The other is the deformation resistance to reduce the structural deformation. Fig. 6 presents the compressive test results of materials' being debinded from experiment material code C under various debinding conditions. The compressions are performed while material is in a situation where the extraction ratio of wax and stearic acid is 98 99 wt.%. The results in Fig. 6 and observations during testing reveal that generally, serious slipping occurs abruptly as the stress increases to a critical value, and then deformation resistance rapidly decreases. The case where material is debinded by gasoline at 20 C has the best fracture strength and deformation resistance. Meanwhile, higher debinding temperature will greatly decrease deformation resistance and Fig. 8 . Cracks occurred at the edge of the integrated punch that was made of a ceramic/binder mixture with lower solid loading. the strength of the debinding body. Thus, gasoline may be the best selection of solvent for debinding the material used in this work, judging by the extraction efficiency of the binder and the quality of the debinded microstructure.
VI. APPLICATION EXAMPLES
The novel process has been successfully applied to the structuring of several ceramic microstructures where ABS mold inserts were used, and acetone and gasoline were utilized as the solvents for mold dissolution and debinding, respectively. Fig. 7 displays an integrated punch for making IC leadframe. The objective of the design is to make a leadframe with a high pin count in just one punching cycle, thus decreasing the production cost and reducing the lead warping problem. The height of the punch edge is 500 m, and its thinnest dimension is slightly less than 100 m. The injection molding condition used is as follows: mold temperature 80 C, barrel temperature 150 C, and injection pressure 30 MPa. Fig. 8 shows that cracks can be found near the connection between an edge and the center of a punch if an experimental material with lower solid loading (code A) was used. However, cracks never recurred when the solid loading of the material used was increased to 61 vol.%. To explain the difference in crack occurring caused by the change of solid loading of material, herein, the relationship between the density and the solid loading of the ceramic/binder mixture should be considered. As Fig. 9 shows, the maximum density of the mixture used in this work can be obtained when the solid loading is 63 vol.%. Generally, this critical loading varies with the mean particle size and particle shape and voids may form in the mixture when solid loading exceeds this value. Accordingly, much more excess binder exists between ceramic particle and particle in the material of code A can be expected. This material characteristic of code A will result in large shrinkage in the molded green parts because the volume reduction of the excess binder due to cooling directly causes the shrinking of ceramic green parts, and the magnitude of shrinkage is proportional to the amount of excess binder. Therefore, cracking will occur in the green parts whose dimensional change is restricted by the mold. Fig. 10 displays another application example. A column array with pitch 800 m, column diameter 400 m, and column aspect ratio 5 was structured with a base plate. The surface pattern of mold insert was clearly imprinted onto the wall of columns.
VII. CONCLUSION
A lost mold technique-combined ceramic injection-molding process for complex and high-aspect-ratio ceramic microstructures was presented herein. The lost mold technique, which utilizes organic solvent to dissolve a plastic mold, has been demonstrated to obtain excellent demolding results without damage, making it very suitable for microstructure fabrication. ABS and acetone appear to be an ideal combination of mold material and solvent for this lost mold process. As for the design of the binder system for this developed process, the erosion resistance of the green body during the mold dissolving cycle must be included in the consideration. Additionally, increasing the deformation resistance and material strength in the debinding process are key issues for raising the achievable aspect ratio of ceramic microstructures. The ideal selection of debinding solvent depends on the composition of the binder. In this research, with a binder system that consisted of paraffin wax, stearic acid, and PE, gasoline was utilized as the debinding solvent.
